Abstract. Hyperplasia or hypoplasia of muscles gradually leads to strabismus. Myogenesis-related genes are involved in extraocular muscle development, including myogenic differentiation 1 (MYOD1), myogenin (MYOG), retinoblastoma 1 (RB1), cyclin-dependent kinase inhibitor 1A (P21), cyclin-dependent kinase inhibitor 1C (P57), insulin-like growth factor 1 (IGF1) and muscle creatine kinase (MCK). This study evaluated the expression of the above seven myogenesis-related genes by realtime quantitative RT-PCR in 18 resected extrocular muscles of patients with concomitant strabismus and 12 normal control muscle samples from one presumably healthy male 6 h after sudden mortality. We found that although there was a great divergence among the expression levels of 6 myogenesis-related regulatory factors, the relative expression patterns were similar in all the normal muscles, including the synergistic, antagonistic and yoke muscles. However, their expression levels in the 18 diseased extraocular muscles were abnormal; the expression levels of all the genes, with the exception of P57, were reduced in most of the diseased muscle tissues. These results imply that the abnormal expression of these myogenesis-related genes may contribute to concomitant strabismus.
Introduction
There are two main forms of strabismus, concomitant strabismus and incomitant strabismus. Concomitant strabismus is characterized by an angle of deviation that remains the same in all directions of gaze, whichever eye is fixing. Strabismus is one of the most common problems in pediatric ophthalmology, affecting 3-5% of the worldwide population (1,2), 2-4% of the white population and 0.6% of Asians and Africans (3) (4) (5) .
The pathogenesis of strabismus, particularly concomitant strabismus, remains poorly understood. It is believed that neural abnormalities and genetic and environmental factors are responsible for the occurrence of strabismus (6) (7) (8) . Clinical observations have shown that the hypergenesis or hypoplasia of muscles may cause ocular muscles to become unbalanced; this may reflect a change in the neural input to an anatomically normal muscle and lead to strabismus, for example, the correlation between the overacted inferior oblique muscles and incomitant strabismus (9) (10) (11) (12) . Anatomic anomalies exist in 90% of the strabismus cases that occur before the patient is 6 years old. Furthermore, our previous study confirmed the abnormal expression of structural proteins in some of the 324 extraocular muscles of 278 patients with strabismus, including concomitant strabismus (unpublished data). Therefore, we aimed to acquire more information concerning the correlation between muscle development-related genes and concomitant strabismus.
Myogenic differentiation 1 (MYOD1), myogenin (MYOG), retinoblastoma 1 (RB1), cyclin-dependent kinase (CDK) inhibitor 1A (P21), CDK inhibitor 1C (P57) and insulin-like growth factor 1 (IGF1) are the key regulatory genes involved in the initiation and regulation of myogenesis (http://www. ans.iastate.edu/research/reecy/reecyfocus.html). Muscle creatine kinase (MCK) is a marker of the late stage of muscle differentiation (13) .
MYOD1 and MYOG are two key myogenic factors. MYOD1, which is only expressed in skeletal muscle and its precursors (14) , regulates muscle cell differentiation by regulating the cell cycle and is a prerequisite for myogenic initiation. MYOG encodes a specific transcription factor for inducing myogenesis, which acts at a late stage of myogenesis and is essential for the formation of functional skeletal muscle (15, 16) .
The cell cycle regulatory factors participate in myogenesis by interacting with myogenic factors. The RB1 protein, pRb, is able to strengthen the activity of MYOD and MYOG during skeletal myogenesis as a transcriptional co-factor of MyoD (13, (17) (18) (19) . Furthermore, pRb controls entry into the late stages of the muscle differentiation (13) . p21 is essential for the cell cycle and differentiation in the adult myogenic progenitor cell (MPC) population (20) . p57 is able to stabilize MYOD by direct binding (21) (22) (23) . They are all induced by MYOD and play important roles in the cell cycle of muscle terminal differentiation (24, 25) . IGF1 is able to promote skeletal muscle differentiation and repair muscle damage (26) (27) (28) .
In order to illuminate the correlation between myogenesis and concomitant strabismus, we analyzed these 7 genes in 18 extraocular muscles of 18 patients with concomitant strabismus and 12 normal control muscles from one patient. The results demonstrated abnormal expression patterns of these 7 genes in the majority of the diseased extraocular muscles.
Materials and methods
Samples. The resected extraocular muscles were obtained from patients with strabismus during resection surgery at the Zhongshan Ophthalmic Center, Guangzhou, China. A total of 18 extraocular muscles from concomitant strabismus patients were analyzed in this study, including 10 medial rectus (MR) muscle tissues from 10 patients with concomitant exotropia (XT) and 8 lateral rectus (LR) muscle tissues from 8 patients with concomitant esotropia (ET). Some clinical information of the individuals are showed in Table I . Twelve normal control samples, including binocular MR, LR, superior rectus (SR), inferior rectus (IR), superior oblique (SO) and inferior oblique (IO) muscle samples, were obtained from one presumably healthy male 6 h after sudden mortality. The samples were immediately frozen in liquid nitrogen and stored at -80˚C. Informed consent adhering to the tenets of the Declaration of Helsinki was obtained from all participants or their guardians before the study. This study was approved by the Institutional Review Board of Zhongshan Ophthalmic Center.
Real-time quantitative RT-PCR.
Total RNA was isolated using a commercial reagent TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA) and 1 µg RNA was reverse transcribed to cDNA using a commercial reagent kit (PrimeScript ® RT reagent kit; Takara Bio, Inc., Shiga, Japan). The cDNA (1 µl) was diluted (1:10) for real-time PCR. Real-time PCR was performed using a reagent kit (SYBR ® Premix Ex Taq™, Takara Bio, Inc.) following the manufacturer's instructions for the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). The primers used for real-time PCR are shown in Table II . GAPDH were used as an internal control to normalize the gene expression levels. Relative transcript abundance was quantified by the 2 -ΔΔCT method. Data represent the mean of triplicate measurements and are reported as the mean fold change (x-fold) + SD.
Results
Expression patterns of 6 myogenesis regulatory factors are similar in the normal extraocular muscles. In this study, we first examined the expression of 6 myogenesis regulatory factors in normal samples, i.e., all 12 extraocular muscles from the normal eye, including bilateral MR, LR, SR, IR, SO and IO muscles (Fig 1) . We found a similar expression pattern in all the muscles, including the synergistic, antagonistic and yoke muscles. In the synergistic muscles, including MR-SR-IR (Fig. 1A, C and D) and LR-SO-IO (Fig. 1B, E and F) , MYOD1 levels were invariably higher and MYOG levels were lower than those of other genes. For the other factors, the levels of IGF1 were close to those of β-actin in most samples. The expression levels of the cell cycle regulatory factors RB1, P21 and P57 were low in the MR, LR and IO muscles but comparable to those of β-actin in the other 3 types of muscles. The expression pattern was similar in the antagonistic muscles and the yoke muscles (Fig. 1) . Although there was a divergence in expression levels among the 6 myogenesis-related regulatory factors, there was a similar expression pattern in all the 12 normal binocular extraocular muscles.
Abnormal expression of 7 myogenesis-related genes in 18 extraocular muscles of patients with concomitant strabismus.
Generally, we obtained the resectional MR muscle from the XT patients and LR muscle from the ET patients by surgery. Therefore, we detected the expression of the 7 myogenesis-related genes in XT-MR and ET-LR muscles in this study. Fig. 2 shows the abnormal expression of all 7 factors in the diseased muscles.
The expression levels of MYOD1 and MYOG were markedly reduced in almost all of the samples (Fig. 2A) . The expression levels of MYOD1 were reduced significantly in 7 of the 8 LR and 8 of the 10 MR samples, and those of MYOG decreased in 7 of the 8 LR and all 10 MR samples. Although the levels of MYOD1 and MYOG were downregulated, the relative expression pattern between them was similar to that in normal tissues: the levels of MYOD1 were clearly higher than those of MYOG.
The expression of the three cell cycle regulators was different in diseased tissues (Fig. 2B) . The expression levels of RB1 were reduced in 5 of the 8 LR and 7 of the 10 MR samples but increased in the other samples (Fig. 2B-a and b) . The expression levels of P21 were decreased in all 18 samples, particularly in the MR tissue, but the expression levels of P57 were increased in 7 of the 8 LR and 7 of the 10 MR samples (Fig. 2B-c-f) .
The expression levels of the other two factors, IGF1 and MCK, were reduced in most of the samples compared with their levels in the normal controls (Fig. 2C) . The IGF1 levels were reduced in 6 of the 8 LR and most of the 10 MR tissues. MCK levels were decreased in 6 of the 8 LR and 8 of the 10 MR tissues, but increased in the others.
These results reveal the abnormal expression of these myogenesis genes in the extraocular muscles of patients with concomitant strabismus.
Discussion
An obstacle to the understanding of eye muscle pathology is the lack of a practical way to obtain tissue samples of the entire muscle from normal individuals and patients with strabismus (29) . In this study, we examined the mRNA levels of 7 myogenesis-related genes in 18 extraocular muscles from 18 patients with concomitant strabismus and 12 normal control samples from one presumably healthy individual. We found that a similar expression pattern of these genes was presented in all the normal tissues. However, their expression was abnormal in the extraocular muscles of patients with concomitant strabismus.
Together with several other genes related to myogenesis, myogenic factors during muscle regeneration, including MYOD, myogenic factor (Myf)5, myogenin and Myf4, are essential for skeletal muscle determination and the differentiation of skeletal muscle tissue. MYOD knockout mice are deficient in skeletal muscle regeneration (30) (31) (32) . In activated skeletal satellite cells, differentiating signals upregulate MYOD and activate the transcription of MYOD target genes, result in myogenic differentiation (33) . In the current study, we found that the level of MYOD1 was always higher than that of MYOG in normal tissues and also in the diseased tissues. Therefore, we suspected that this expression pattern is required for normal muscle maturation. Moreover, this pattern was also present in all the synergistic and antagonistic muscles, as well as in the yoke muscles. This may maintain a balance among all the extraocular muscles and may be necessary for maintaining normal eye movement.
In the extraocular muscles of the concomitant strabismus patients, the expression levels of MYOD1 and MYOG were reduced by 70-80%. Repressed MYOG expression is responsible for impaired myoblast differentiation (34) . The repressed levels of MYOD1 and MYOG imply that the myogenesis process, including differentiation, fusion and growth, was impaired in the concomitant strabismus patients. This is likely to disrupt the formation of functional muscles and the development of extraocular muscles and, therefore, lead to the gradual development of concomitant strabismus. However, downregulation of myogenin may reactivate the cell cycle, probably through the downregulation of the endogenous expression of MYOD (35) . Therefore, the repression of MYOD1 and MYOG levels may be a separate self-healing mechanism of the impaired muscles.
Other regulatory factors functioning in muscle differentiation, specifically RB1, P21, P57 and IGF1, constitute a regulatory network with myogenic factors that interact with each other directly or indirectly. pRb interacts with MYOD and MYOG, and controls entry into the later stages of the muscle differentiation process (13, (36) (37) (38) . The CDK inhibitors, P21 and P57, block the cell cycle by repressing the activity of CDKs. The regulatory factors, particularly the cell cycle inhibitors, are theoretically highly expressed in normal skeletal muscle. However, our data revealed that the levels of RB1, P21 and IGF1, particularly those of P21, were reduced in the majority of the diseased tissues with respect to their levels in the normal controls. The levels of another cell cycle inhibitor, P57, were increased in most of the diseased samples. Therefore, decreased expression of RB1 and P21 may be the reason for muscle overdevelopment and increased expression of P57 may be a compensation for decreased RB1, P21 and IGF1 levels. As MYOD is able to induce the expression of p57 in cells lacking p21 (24, 39) , repressed P21 and increased P57 levels may be caused by the reduction of MYOD1 levels. Regardless of what caused the changes in the 3 genes, the balance of cell cycle regulation was disrupted in the differentiation and growth of the extraocular muscles in the patients with concomitant strabismus.
The regulatory network of myogenic factors and other muscle growth regulators maintains the normal development and maturation of skeletal muscle, including extraocular muscle. Our results confirmed the abnormality in the levels of these myogenesis-related genes, which may contribute to concomitant strabismus and augment the pathology of the extraocular muscle of the concomitant strabismus patients. Additional samples and candidate genes should be studied in the future. Further studies are required to identify the mechanism involving these genes and determine the overall correlation between the myogenic process and the occurrence of strabismus.
